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PREFACE 


> 


This  document  was  published  to  provide  a  comprehensive  reference  for  the 
dynamic  response  of  the  visual  and  motion  systems  of  the  CTOL  simulator  at  the 
Visual  Technology  Research  Simulator  (VTRS).  Transmission  delays  from  control 
stick  stimulus  to  hardware  system  and  video  output  are  evaluated.  These 
measurements  were  made  not  only  to  quantitatively  evaluate  the  dynamic 
matching  of  all  subsystems,  but  to  provide  the  experimenter  with  a  reference 
for  his  analyses. 

This  document  defines  "end-to-end"  dynamics  of  the  current  VTRS/CTOL 
visual/motion  systems,  and  extrapolates  performance  to  CI6  systems  with 
comprehensive  distortion  correction  which  is  being  implemented. 

The  authors  are  indebted  to  Max  Coombes  and  Jack  Edgar  for  their 
technical  assistance  during  this  task,  and  to  Walter  Chambers  for  his 
consultation. 
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NAVIRAEQUIPCEN  1H-3P6 
INTRODUCTION 


This  report  presents  dynamic  performance  measurements  made  at  the  Navy's 
Visual  Technology  Research  Simulator  (VTRS)  facility,  and  shows  timing 
interactions  between  visual  and  motion  subsystems  of  the  Conventional  Take-Off 
and  Landing  (CTOL)  simulator. 

Major  subsystems  of  the  VTRS/CTOL  include  a  T2C  aircraft  cockpit  with 
G-seat  mounted  on  a  six  degree  of  freedom  motion  base  and  a  wide  angle  dome 
display.  The  display  consists  of  a  wide  angle  background  TV  projector  and  a 
servo  controlled  target  TV  projector.  The  simulator's  displays  receive  video 
from  either  computer  image  generation  (CIG)  or  closed  circuit  model  board  TV 
system  and  other  TV  special  effects  eouipment. 

The  simulator's  computer  system  is  composed  of  3  Systems  Engineering 
Laboratories  (SEL)  32/75  Central  Processing  Units  (CPU).  Flight  and  Visual 
CPU's  are  controlled  by  an  Executive  CPU  which  also  communicates  with  the 
Experimenter/Operator  control  station.  The  flight  and  visual  computations 
considered  in  this  report  are  all  performed  at  a  30  Hz  rate.  The  relationship 
of  these  CPUs  is  discussed  later  in  detail. 

This  report  is  divided  into  six  sections,  presenting  detailed  dynamic 
performance  measurements  of  the  following  VTRS  systems: 

a.  Linkage  and  computer  system  delays  from  control  stick  input  to  all 
major  output  hardware.  The  output  hardware  includes  the  projection  servos, 
the  TV  camera/probe  gantry  servos,  the  motion  platform  and  G-seat,  and  the 
CIG. 


b.  Visual  servo  performance  for  target  projector  servos  used  in  display 
and  for  servos  used  in  image  generation  by  the  closed  circuit  model  board  TV 
system. 

c.  Motion  platform  performance  including  analyses  of  the  servo 
controlled  legs  and  of  the  software  algorithms  that  generate  the  onset 
acceleration  and  sustained  acceleration  (G-align)  cuing. 

d.  G-seat  transient  and  frequency  response  under  typical  loaded 
conditions  used  to  generate  sustained  acceleration  cues. 

e.  System  Response  Summary. 

f.  Design  Features  Summary. 


NAVTRAEQUIPCEN  IH-326 
SECTION  I 


LINKAGE  AND  COMPUTER  SYSTEM 


SYSTEM  DESCRIPTION 

The  VTRS/CTOL  simulator  incorporates  a  linkage  system  which  connects  the 
simulator  input  cockpit  controls  (i.e.,  throttle,  control  stick,  rudder  and 
toe  brakes)  to  the  computers  and  back  out  to  all  simulator  output  hardware. 

The  linkage  system  includes  the  functions  of  signal  sampling,  analog  to 
digital  conversion,  storage,  data  transfer,  data  distribution,  digital  to 
analog  conversion  and  signal  smoothing.  Linkage  transport  delays  (throughput 
delays)  were  measured  between  the  analog  input  stimulus  (control  movement)  and 
the  output  to  subsystem  hardware.  The  linkage  is  shown  in  the  system  diagram 
(Figure  I-l) . 

Linkage  throughput  delays  were  measured  over  the  following  transmission 
routes,  some  o^  which  apply  to  Computer  Image  Generation  (CI6),  some  to  the 
model  board  Target  Image  Generation  (TIG)  and  some  of  which  are  common  to  both 
CIG  and  TIG  operations; 

a.  Cockpit  control  to  motion  base  (leg  servos) 

b.  Cockpit  control  to  G-seat  bellows  servos 

c.  Cockpit  control  to  Target  Imagery  Projector  (TIP)  servos 

d.  Cockpit  control  to  TIG  (probe  and  gantry  servos) 

e.  Cockpit  control  to  CIG  input  and  to  CIG  video  output 

The  first  three  linkage  routes,  the  motion  base,  G-seat  and  TIP  servos 
are  common  to  both  CIG  and  TIG. 

The  function  of  the  linkage  system  is  to  provide  two-way  communication 
between  computer  memory  and  simulator  hardware. 

Major  components  of  the  linkage  are: 

a.  The  master  controller  which  is  the  control  center 

b.  System  cards  which  service  the  hardware  systems,  and 

c.  The  subcontroller  which  serves  as  the  interface  between  the  master 
controller  and  the  system  cards. 

The  master  controller  transfers  output  data  in  serial  form  from  an 
internal  buffer  memory  to  the  designated  system  card,  and  simultaneously 
accepts  input  data  froi  the  system  card  and  stores  it  in  the  buffer  memory. 
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Fiiure  I-l.  VTRS  System  Diagram 


10 


tMAVTRAEQUIPCLN  lH-32b 


System  cards  provide  analog  ana  digital  conversion  and  interconnection 
functions  required  by  the  system  being  serviced. 

The  simulator's  computer  system  consists  of  three  SEL  32/75  computers: 
one  CPU  for  Executive/Experimentor-Operator  operations  (EU),  one  CPU  for 
computation  of  flight  dynamics/kineinatits,  ano  the  third  CPU  for  visual 
computations.  Computation  rate,  relative  phasing  between  the  computation 
frames  of  the  visual  and  flight  CPU's,  and  their  associated  linkage  transters 
are  major  contributors  to  throughput  delay. 

Figure  1-2  shows  the  timing  relationships  between  the  flight  anu  visual 
CPU's  and  their  associated  linkage  transfers  of  data  from  hardware  to  computer 
memory  ano  from  computer  memory  to  hardware.  All  coniputational  measurements 
were  made  with  the  software  operating  at  30  frames  per  second  update  rate  (a 
computation  period  of  33.33  milliseconds).  Computation  frames  are  divided 
into  4  subframes,  each  of  a. 33  milliseconds  duration.  The  visual  CPU  frame 
lags  the  flight  CPU  frame  by  two  subframes.  This  f 1 ignt/visual  CPU  phasing 
minimizes  lag  in  the  visual  computation,  since  the  most  recent  flight  outputs 
are  computed  by  end  of  flight's  second  subframe  ano  are  immediately  used  by 
the  visual  CPU. 


•  TICK  IM^Ur 
CAM  UPPATtO  « 


EXECUTIVE  , 

E 

_ 

_ 

□ 

•  33.9  MSEC  PAAMC 


«  ANALOG  INPUTS  AND  OUTPUTS 
ANE  BOTH  8ENVICEO 


J  INDICATES  TYPICAL 
computation  DUBATION 


Figure  1-2,  CPU  Pnasing  Oidgraiii 


There  are  two  linkage  data  transfer  subframes,  a  flight  linkage  transfer 
and  a  visual  linkage  transfer  (See  Figure  1-3).  Flight  linkage  perforins  a 
special  service  of  System  Caro  No.  135  which  contains  the  aircraft  control 
stick  inputs  plus  ruader  and  toe  brakes.  The  control  stick  input  is  serviced 
up  front  in  the  cycle  to  minimize  delay  between  stick  input  and  transfer  to 
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FLIGHT  LINKAGE  SUBFRAME  VISUAL  LINKAGE  SUBFRAME 


Figure  1-3.  Flight  and  Visual  Linkage  Process 


computer  memory.  The  flight  linkage  process  is  initiated  with  the  update  of 
System  Card  No.  135,  followed  immediately  with  the  Direct  Memory  Access  (DMA) 
transfer  with  common  CPU  memory  and  finally  an  update  of  all  other  flight 
System  Cards.  These  other  flight  cards  are  predominantly  output  cards 
serviced  during  subframe  4  to  output  commands  computed  during  subframes  1,  2, 
and  3  and  transferred  from  common  CPU  memory  during  the  DMA.  The  visual 
linkage  sequence  is  a  DMA  transfer  out  of  common  CPU  memory  followed  by  update 
of  all  visual  System  Cards.  During  simultaneous  CI6/TIG  operation,  data  is 
transferred  to  the  CIG  at  the  end  of  visual  CPU  subframe  2.  In  general,  each 
linkage  process  is  completed  in  less  than  4  milliseconds. 

Data  transfers  to  the  CIG  are  a  serial  data  transfer  from  the  SEL  32/75 
visual  buffer  memory  to  the  CIG's  computer  memory.  For  CIG  only  operation 
data  transfer  occurs  at  the  end  of  subframe  1  of  the  visual  frame  (Figure 
1-2).  Three-dimensional  computations  are  performed  in  the  Programmable  Data 
Processor  (POP)  11/55  and  then  data  is  transferred  to  General  Electric's 
special  purpose  image  processor  (CIG  frame  II  and  III  hardware)  for  conversion 
to  a  two-dimensional  video  picture. 

The  basic  test  set-up  used  for  throughput  determination  is  shown  in 
Figure  1-4.  A  control  stick  analog  input  was  generated  as  a  square  wave  using 
the  Servomatic  Analyzer.  The  frequency  of  the  square  wave  input  was  set  at 
approximately  3.82  Hz,  producing  step  changes  every  131  milliseconds.  Since 
the  time  between  step  changes  was  not  an  integer  number  of  computational 
frames,  step  inputs  occurred  at  slightly  different  times  with  respect  to  the 
flight  and  visual  frames.  Four  computer  frames  are  133  milliseconds  duration; 
therefore,  the  input  step  changes  occurred  at  about  2  milliseconds  out  of 
phase  with  a  four-frame  cycle  and  tended  to  "walk"  with  respect  to  each 
frame. 

This  "walking"  of  the  control  stick  step  input  assured  the  occurrence  of 
minimum  and  maximum  throughput  cases.  The  minimum  throughput  occurred  when 
the  control  stick  input  changed  state  immediately  before  it  was  sampled  by  the 
A/D  (System  Card  No.  135).  The  maximum  throughput  occurred  when  the  control 
stick  input  changed  state  immediately  after  the  A/D  service.  Since  in  this 
case  the  A/0  servicing  of  the  input  was  just  missed,  a  full  frame  (cycle)  must 
go  by  before  the  next  A/D  sample.  Thus,  the  difference  between  minimum  and 
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Figure  1-4.  System  Throughput  Test  Diagram 


maximum  throughput  was  33.3  milliseconds.  A  summary  of  throughput 
measurements  from  control  stick  to  each  major  hardware  subsystem  is  presented 
in  Table  1-1  below. 

Aerodynamic  and  other  computational  lags  (filters)  were  removed  from  the 
flight  and  visual  software  so  that  all  transport  delay  measurements  reflect 
only  computer  and  linkage  induced  lags. 

Flight  and  visual  dynamics  are  computed  at  30  Hz,  more  than  10  times  the 
maximum  system  bandwidth.  Thus  computational  sampling  lags  are  small  in 
comparison  to  the  measured  throughput  delays. 


TABLE  I-l 

LINKAGE  THROUGHPUT  MEASUREMENTS 


Control  Stick  to 
Control  Stick  to 
Control  Stick  to 
Control  Stick  to 
(CIG  only  mode) 
Control  Stick  to 
(CIG/TIG  mode) 


Motion  BASE  and  G-seat 
TIP  Servos 

Probe  and  Gantry  Servos 
SEL/PDP-11  Data  Transfer 

SEL/PDP-11  Data  Transfer 


55 

±. 

17 

msec 

68 

± 

17 

msec 

68 

± 

17 

msec 

50 

± 

17 

msec 

58 

17 

msec 

THROUGHPUT:  CONTROL  STICK  TO  MOT lON/G-SEAT 

Throughput  measurements  were  made  from  the  cockpit  control  stick  input  to 
the  motion  base  and  G-seat  analog  drive  signals.  The  motion  base  drive  signal 
for  this  throughput  measurement  was  the  input  signal  to  the  leg  servo 
pre-filters.  The  visual  CPU  does  not  contribute  to  the  throughput  delay, 
since  all  computation  takes  place  in  the  flight  CPU.  Motion  base  drive 
signals  are  transmitted  during  the  flight  DMA  transfer.  The  G-seat  throughput 
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route  is  the  same  as  that  of  the  motion  system.  Throughput  measurements  from 
control  stick  input  to  the  motion  base  drive  signals  indicate  a  transport 
delay  of  55  ±  17  msec . 

THROUGHPUT:  CONTROL  STICK  TO  TIP  SERVOS 

Throughput  measurements  were  made  from  the  cockpit  control  stick  input  to 
the  TIP  servo  drive  signals.  These  analog  drive  signals  are  computed  in  both 
the  flight  and  visual  CPUs.  TIP  servo  drive  signals  are  transmitted  during 
the  visual  DMA  transfer.  Throughput  measurements  from  the  control  stick  input 
to  the  TIP  servo  drives  indicated  a  transport  delay  of  68  ±  17  msec. 

THROUGHPUT:  CONTROL  STICK  TO  PROBE  SERVOS 

Throughput  measurements  were  made  from  the  control  stick  input  to  the 
probe  servos  drive  signals.  These  analog  signals  were  measured  at  the  input 
to  the  probe  pre-filter  networks  (designed  to  smooth  desampling  noise). 
Computations  are  performed  in  both  the  flight  and  visual  CPUs  with  probe  drive 
signals  transmitted  during  the  visual  DMA  transfer.  Throughput  measurements 
from  control  stick  input  to  the  probe  servos  drive  signals  indicated  a 
transport  delay  of  68  ±  17  msec. 

THROUGHPUT:  (1)  CONTROL  STICK  TO  CIG  INPUT  AND  (2)  CIG  INPUT  TO  VIDEO  OUTPUT 

Throughput  from  control  stick  input  to  video  output  can  be  logically 
divided  into  two  throughput  segments,  (1)  control  stick  input  to  CIG  data 
input,  and  (2)  CIG  data  input  to  video  output.  Video  output  was  acknowledged 
as  the  presence  of  video  signal  in  the  first  horizontal  line  of  the  raster 
which  is  the  first  pixel  of  CIG  video.  An  additional  video  time  period  equal 
to  one  raster  field  (17  msec)  will  be  considered  later  as  a  rise  time 
equivalent  when  transport  delays  and  hardware  time  constants  are  combined  to 
produce  total  "system  lags".  The  two  throughputs  were  determined  by  first 
measuring  the  total  throughput  from  control  stick  to  video  output  and  then  by 
measuring  the  segment  from  CIG  input  to  video  output.  The  remaining 
throughput  segment  from  control  stick  input  to  CIG  data  input  was  then 
computed  by  subtracting  the  partial  throughput  from  the  total  (end-to-end). 

The  flight  and  visual  computations  were  modified  such  that  the  entire 
scene  viewed  from  the  eyepoint  would  switch  alternately  from  black  to  white 
depending  on  polarity  of  the  control  stick  input.  A  flag  in  the  visual 
computer  was  programmed  to  change  status  upon  reception  of  a  change  of  control 
stick  polarity.  The  scene  correspondingly  was  programmed  to  instantly  change 
from  black  to  white  upon  change  in  status  of  the  visual  flag.  Therefore,  the 
throughput  measurement  did  not  include  intentional  aerodynamic  and  kinematic 
lags  in  flight  and  visual  computations.  The  throughput  measurement  from 
control  stick  input  to  CIG  video  output  was  found  to  be  108  ±  17  msec.  A 
throughput  measurement  was  also  made  from  the  CIG  input  (to  the  PDP-11)  to  the 
CIG  video  output  using  the  same  computational  scheme  just  described  for  the 
total  throughput  path  from  control  stick  input  to  CIG  video  output.  This 
partial  throughput  measurement  indicated  50  msec.  In  other  words,  three  CIG 
computational  frames  (60  Hz)  are  used  to  convert  the  eyepoint  data  into  a 
three  dimensional  view  and  then  finally  into  a  two  dimensional  video  signal. 
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In  summary,  the  CIG  throughput  measurements  from  control  stick  input  to 
the  CIG  input  (to  the  PDP-11)  were: 

CIG  Mode  Only  =  50  ±  17  msec 
CIG/TIG  Mode  =  58  ±  17  msec 

Throughput  from  the  CIG  input  to  the  first  pixel  of  CIG  video  output  was 
determined  to  be  50  msec.  An  additional  time  period  of  one  TV  field  of  17 
msec  is  considered  a  rise  time  equivalent. 

Table  I-l  summarizes  all  of  the  linkage  and  computer  system  throughput 
measurements  discussed  in  this  section. 
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SECTION  II 

VISUAL  SERVO  SYSTEMS 


VIDEO  SYSTEMS 

In  the  CIG  mode,  the  target  image  is  generated  through  computer  update  of 
a  data  base.  In  the  TIG  mode,  the  target  image  is  generated  by  viewing  a 
model  board  through  a  closed  circuit  TV  system.  Images  created  by  either  mode 
are  displayed  on  the  screen  by  a  high  Intensity  TV  projector  and  appropriate 
optics.  The  target  image  is  positioned  on  the  screen  by  servo  control  of  the 
projector  optical  elements. 

A  Fresnel  Lens  Optical  Landing  System  (FlOLS)  is  simulated  in  both  CIG 
and  TIG  modes  and  provides  imagery  signals  independent  of  the  other  two  video 
systems.  In  other  words,  TIG  carrier  depiction  could  have  either  CIG  or  TIG 
FLOLS,  or  vice  versa.  In  some  cases,  both  FLOLS  modes  can  be  used  simul¬ 
taneously. 

Target  image  motion  is  accomplished  by  servo  systems  interfacing  software 
generated  signals  from  CIG  and  TIG  modes  to  hardware  systems  which  respond  to 
pilot  generated  commands  from  the  cockpit  controls. 

VISUAL  SERVO  SYSTEMS  DESCRIPTION 

SERVOS  COMMON  TO  TIG  OPERATIONS.  The  probe,  which  houses  the  TV  camera  and 
associated  optical  systems,  is  driven  over  the  model  board  by  a  three-axis 
gantry  servo.  As  the  probe  is  positioned  to  simulate  aircraft  position, 

1 ine-of-sight  between  the  model  and  focal  plane  of  the  camera  is  maintained  by 
a  servo  controlled  prism  system.  Heading  and  pitch  servos  keep  the  model 
within  the  field  of  view  of  the  camera  while  a  roll  servo  maintains  desired 
roll  attitude  of  the  received  image. 

FRESNEL  LENS  OPTICAL  LANDING  SYSTEM.  The  Fresnel  Lens  Optical  Landing  System 
(FLOLS)  is  simulated  by  optically  combining  a  FLOLS  model  image  with  the 
target  projector  image  for  dome  presentation.  A  position  servo  on  the  FLOLS 
model  controls  the  glideslope  indicator  (this  optical  light  source  is  called 
"meatball"),  while  image  position  and  roll  angle  are  determined  by 
prism-controlled  servos. 

SERVOS  COMMON  TO  CIG  AND  TIG  OPERATIONS.  Target  Image  Projection  (TIP)  servos 
that  position  the  target  (aircraft  carrier,  airplane,  etc.)  image  within  the 
dome  are  common  to  both  TIG  and  CIG  operations.  Azimuth  and  elevation  servos 
control  position  of  the  image  with  respect  to  the  observer.  A  roll  servo  pro¬ 
vides  compensation  for  roll  angle  induced  by  combined  azimuth/elevation 
commands. 

SUMMARY  OF  SERVO  SYSTEMS  EVALUATED.  The  following  is  a  summary  of  the  visual 
system  servos  evaluated  in  this  study: 
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a.  Target  Image  Projection  (In  Dome) 

(1)  azimuth 

(2)  elevation 

(3)  roll 

b.  Fresnel  Lens  Optical  Landing  System  (In  Dome) 

(1)  pitcn  wedge  (x  position) 

(2)  pitch  wedge  (y  position) 

(3)  roll 

(4)  meatball 

c.  Gantry  Rate  Servos 

(1)  X  translation 

(?)  y  translation 

(3)  2  translation 

d.  Probe  (In  Gantry  Mount) 

(1)  heading 

(2)  pitch 

(3)  roll 

(4)  command  filter  (shapes  command  signal  to  all  probe  servos) 

As  noted  previously,  the  servo  measurements  taken  for  this  report  did  not 
include  an  induced  lag  in  the  servo  pre-filters. 

SERVO  PERFORMANCE  CRITERIA 

This  section  describes  the  test  procedures  used  and  defines  performance 
criteria  for  the  frequency  domain  and  time  domain  testing.  Closed-loop  servo 
performance  is  presented  in  the  form  of  frequency  domain  and  time  domain 
data.  In  addition,  static  accuracy  or  repeatability  of  each  servo  system  is 
presented  for  completeness. 

FREQUENCY  RESPONSE.  A  simplified  block  diagram  of  the  servo  system  test  setup 
is  shown  in  Figure  II-l.  For  frequency  response  tests,  the  servos  were  driven 
with  sinusoidal  signals  generated  by  a  Servomatic  Analyzer.  Test  points, 
where  data  was  recorded  on  an  oscillograph  strip  recorder,  are  indicated  in 
Figure  II-l.  Signals  recorded  included  the  drive  (reference)  signal,  feedback 
signal,  error  signal,  tachometer  output,  power  amp  drive  and  torque  motor 
current. 
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Figure  II-l.  Servo  in  Test  Configuration 

Basically  there  are  two  types  of  servos  useo  in  the  Visual  Technology 
Research  Simulator  (VTRS)  lab:  the  non-continuous  type  with  linear  feedback 
potentiometers,  and  the  continuous  type  with  sine-cosine  potentiometers  or 
synchros  (used  in  the  probe  servos  only).  The  synchro  uses  the  same  principle 
as  the  sine-cosine  potentiometer,  except  it  is  an  alternating  current  device 
using  transformer  action.  Figure  II-2  illustrates  the  principle  of  the  sine- 
cosine  potentiometer  for  detection  of  servo  error. 
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Figure  II-2.  Continuous  Type  Servos  with  Sin-Cos  Potentiometer 
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For  servos  with  non-continuous  linear  feedback  potentiometers,  closed 
loop  frequency  response  was  directly  computed  as  the  complex  ratio  of  R/C 
(Figure  II-l).  However,  the  continuous  servos  with  sine-cosine  potentiometers 
(or  synchros)  do  not  have  a  feedback  signal  for  direct  derivation  of  closed 
loop  performance. 

Referring  to  Figure  1 1-2,  the  sine-cosine  device  detects  error  directly 
from  command  and  output  shaft  position.  Thus,  only  command  and  error  signals 
are  available.  Also,  since  two  command  signals  are  required,  sine©c  and 
cosOj,,  special  considerations  were  given  to  the  signal  drive  technique. 

Since  all  command  signals  were  typically  small  (less  than  10  degrees), 
sin©(-  was  approximated  as  ©(-  and  cose^,  as  1.  Thus  the  servo  can  be 
driven  by  setting  a  fixed  voltage  =  ±  E  across  the  cosine  pot  and  then  excit¬ 
ing  the  sine  pot  with  a  voltage  =  ±  E  sin©(.. 

The  continuous  servo  does  not  have  a  direct  output  or  feedback  signal, 
therefore  closed  loop  frequency  response  must  be  determined  from  error  re¬ 
sponse.  Using  the  command  and  error  signals,  closed  loop  frequency  response 
was  determined  as  follows: 


Closed  Loop  Transfer  Function  =  R( jai)/C( jw) 
=  1  -  E(ja.)/C(jw) 

Where  C  =  command  complex  amplitude 
R  =  response  complex  amplitude 
E  =  error  complex  amplitude 
E/C  can  be  expressed  as  M( ju))ej©( jw) 
Where  M  =  magnitude  ratio  of  E/C 
©  =  angle  of  E  -  angle  of  C 
E/C  =  M(cos©  +  j  sin©) 

R/C  =  1  -  E/C 

=  1  -  M  cos©  -  jM  sin© 
Magnitude  of  R/C  =  [ (l-Mcos©)^+M^sine^) 

Phase  Angle  of  R/C  =  tan"^  - 

Mcos©  -  1 


Servo  bandwidth  is  defined  as  that  frequency  associated  with  a  closed 
loop  magnitude  ratio  of  -3  db  (0.707). 

At  all  drive  frequencies,  magnitude  of  the  sinusoidal  excitation  was 
maintained  at  levels  consistent  with  minimum  distortion  or  saturation  within 
the  loop  to  stay  in  the  linear  region  of  operation.  Armature  current  in  the 
drive  motor  was  also  monitored  to  assure  that  torque  saturation  did  not  occur 
during  testing. 
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STEP  RESPONSE.  All  of  the  visual  system  servos  were  subjected  to  step  com¬ 
mands  to  determine  response  time  and  stability  characteristics.  As  was  the 
case  with  frequency  response,  command  levels  were  made  as  large  as  possible 
consistent  with  staying  in  the  linear  operating  region. 

Response  time  is  defined  in  this  report  as  that  time  associated  with  a 
response  equal  to  63  percent  of  the  command.  Damping  ratio  is  estimated  by 
approximation  to  a  second-order  system  response,  using  overshoot  as  the 
primary  indicator. 

VISUAL  SERVO  PERFORMANCE 

The  following  visual  servo  performance  data  consists  of  closed  loop 
frequency  response,  step  response  and  static  accuracy  or  repeatability. 
Criteria  for  measuring  performance  in  both  time  and  frequency  domains  was 
discussed  above.  Static  repeatability  was  included  since  it  measures  not  only 
low  frequency  servo  performance,  but  also  the  capacity  to  properly  align 
optical  systems  using  the  servo  systems  directly  as  the  aiming  device. 

Tabular  data  is  summari2ed  in  Tables  1 1-1-4.  Response  curves  are  given  in 
Figures  1 1 -3  through  11-14. 

TIP  SERVOS.  The  azimuth  and  elevation  Target  Image  Projector  (TIP)  servos  are 
non-continuous  with  linear  potentiometers  and  are  connected  to  the  load  by 
direct  drive.  Roll,  however,  is  continuous  with  sine-cosine  pots  and  is  con¬ 
nected  to  the  load  through  anti-backlash  gears. 

Frequency  Response .  Figures  II-3  and  II-4  present  magnitude  and  phase  shift 
for  the  closed  loop  frequency  response  of  the  TIP  servos.  Bandwidths  of  the 
TIP  servo  responses  are  presented  in  Figure  1 1-3  and  the  tabulated  data  sum¬ 
marized  in  Table  II-l. 
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FREQUENCY  (HZ) 


(Phase  vs.  Frequency) 

Figure  1 1-4.  TIP  Serves  -  Frequency  Responses 
TABLE  II-l.  VISUAL  SERVOS  PERFORMANCE  SUMMARY  -  TIP 


Bandwidth  (U 

(Hz) 

Step  Response 

Static 

Repeatability 

Range 

Limits 

Re sponse 
Time  (2) 
(msec) 

'  Damping 
Ratio 

AZ 

3.8 

67 

0.4 

±  0.75  arc  min 

+  95‘,  -135” 

EL 

8.5 

43 

0.5 

±  0.8  arc  min 

+  65”,  -55” 

De  Roll 

3.0 

55 

CTO 

±  1.4  arc  min 

--  -  —  — .  -  -  -1 

Cont 

NOTES: 

1.  -3  db  point 

2.  63  percent  of  Command  Amplitude 

3.  (CTO)  Critical  to  Overdamped 

4.  (Cont)  Continuous 
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Step  Response.  For  purpose  of  direct  comparison,  step  responses  for  the  TIP 
servos  were  normalized.  From  Figure  II-5,  the  response  times  and  "second- 
order"  equivalent  damping  ratios  are  as  tabulated  in  Table  II-l. 


0  SO  100  180  too  280  300 
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Figure  1 1-5.  Target  Projector  Servo  Responses  to  Step  Inputs 

Static  Repeatability.  Static  repeatability  measurements  were  made  on  each 
servo  unit.  At  selected  operating  points,  the  servo  load  was  pushed  away 
manually  from  its  commanded  position  and  then  allowed  to  slowly  return,  each 
time  recording  the  final  static  servo  position.  Worst  case  of  static 
repeatability  for  the  TIP  servo  is  summarized  in  Table  II-l. 

FLOLS  SERVOS.  The  pitch  wedges,  which  control  the  position  of  the  model  image 
within  the  target  projected  field  of  view,  are  continuous-type  servos  with 
sine/cosine  potentiometers.  The  wedge  assemblies  are  driven  through  anti¬ 
backlash  gears. 

The  roll  servo  is  also  a  continuous-type  of  control  with  sine/cosine 
potentiometer.  The  roll  prism  is  driven  through  an  anti-backlash  gear  train. 

The  Fresnel  lens  Optical  Landing  System  (FLOLS)  meatball  is  a  non-con- 
tinuous  type  servo  with  linear  pot  feedback.  Meatball  motion  is  rectilinear 
with  the  assembly  driven  through  a  Roh'lix  gear  (converts  rotational  motion  to 
rectilinear  motion) . 

Frequency  Response.  Closed  loop  magnitude  ratio  and  phase  plots  of  the  FLOLS 
servo  system  are  presented  in  Figures  II-6  and  II-7.  The  two  pitch  wedges, 
the  FLOLS  roll  servo  and  meatball  servo  performance  data  are  summarized  and 
presented  in  Table  1 1-2. 
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TABLE  1 1-2.  VISUAL  SERVOS  PERFORMANCE  SUMMARY  -  FLOLS 


Bandwidth  (1) 

1  Step  Response  i 

Response 

Damping 

Static 

Range 

Time  (2) 

Ratio 

Repeatabi 1 ity 

Limits 

(Hz) 

(msec) 

X-PW 

9. 

28 

CTO  (3) 

±  0.003  arc  min 

Cont  (4) 

Y-PW 

9. 

28 

0.47 

±  0.009  arc  min 

Cont 

Roll 

4.2 

42 

CTO 

±  0.003  arc  min 

Cont 

Ball 

60  (5) 

7 

CTO 

±  0.002  ball  width 

i 

±  2  bal 1  widths 

NOTES: 

1.  -3  db  point 

2.  63  percent  of  Command  Amplitude 

3.  (CTO)  Critical  to  Overdamped 

4.  (Cont)  Continuous 

5.  Estimated  From  Step  Response 

Step  Response.  Normal i2ed  step  responses  of  the  FLOLS  servo  are  presented  in 
Figure  II-8.  Response  times  and  damping  ratios  for  the  FLOLS  servos  are  sum¬ 
marized  in  Table  II-2. 


0  ao  40  00  00  100  lao 
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Figure  1 1-8.  FLOLS  Servo  Responses  to  Step  Inputs 
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Static  Repeatability.  A  summary  of  static  repeatability  performance  for  the 
FLOLS  servos  is  presented  in  Table  1 1-2. 

GANTRY  RATE  SERVOS.  The  three  gantry  servos,  x,  y,  and  z  translations,  are 
rate  commanded  by  the  computer.  The  y  and  z  translations  are  both  driven 
through  Roh'lix  gear  systems,  while  the  x  axis  is  controlled  by  driving  a 
wheel  along  a  guide  rail,  using  friction  between  the  wheel  and  rail  to  propel 
it.  As  discussed  previously,  the  vidicon  and  associated  optical  systems  are 
mounted  on  the  z  assembly  which  moves  in  and  out  of  the  vertically  mounted 
model  board.  The  z  assembly  is  mounted  on  the  y  assembly  which  translates 
vertically.  The  y  and  z  gantry  assemblies  are  both  mounted  on  the  x  assembly 
which  provides  longitudinal  motion  to  the  other  two  assemblies. 

Closed  loop  performance  data  presented  for  the  gantry  servos  measures 
translational  rate  response  to  translational  rate  command.  All  of  the  other 
servo  system  performance  data  presented  is  related  to  position  (angular  and 
translational)  response. 

The  tachometer  outputs  were  used  as  the  basic  output  signal,  although  a 
rectilinear  potentiometer  was  mounted  on  each  axis  to  record  and  correlate 
position  with  rate  data  derived  from  the  tachometer. 

Frequency  Response.  Frequency  response  data  for  the  closed  loop  gantry  rate 
servos  is  presented  in  Figures  II-9  and  II-IO.  As  expected,  bandwidths  of  the 
three  gantry  rate  servos  vary  according  to  the  inertial  load  being  driven. 

The  gantry  rate  servo  performance  is  summarized  in  Table  1 1-3. 
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Figure  1 1-9.  GANTRY  Rate  Servos  -  Frequency  Responses 
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Step  Response.  Step  rate  commands  were  Issued  to  each  of  the  gantry  axes. 
Normalized  responses  to  these  rate  commands  are  presented  in  Figure  II-ll. 
Response  times  and  damping  ratios  for  the  gantry  system  are  presented  in  Table 


II-3. 


Figure  II-ll.  GANTRY  Servo  Responses  to  Step  Rate  Inputs 


Static  Repeatability.  Static  repeatability  is  not  presented  for  the  gantry 
rate  servos  since  they  are  rate  systems  and  static  repeatability  is  not  de¬ 
fined  for  those  systems.  As  discussed  earlier,  the  position  control  loop  is 
closed  in  software  and  position  accuracy  will  be  determined  through  software 
tests. 

PROBE  SERVO.  The  probe  servos,  heaoing,  pitch  and  roll,  all  have  synchros  as 
error  sensors.  These  synchros  are  connected  to  the  optical  load  through 
anti-backlash  gears.  A  conmand  pre-filter  is  in  cascade  with  each  of  the 
probe  servos.  This  filter  is  slow  compared  to  the  probe  servos,  and  tends  to 
dominate  the  overall  response  characteristic.  The  command  pre-filter  response 
is,  however,  still  very  fast  and  meets  system  requirements. 

Frequency  Response.  Closed  loop  frequency  responses  of  the  probe  servos  are 
presented  in  Figures  11-12  and  11-13.  Performance  data  for  these  servos  is 
summarized  in  Table  11-4. 
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Figure  11-13.  PROBE  Servos  -  Frequency  Responses 
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TABLE  1 1-4.  VISUAL  SERVOS  PERFORMANCE  SUMMARY  -  PROBE 


Bandwidth  (1) 

(Hz) 

Step  Response 

Response 
(2)  Time 
(msec) 

Damping 

Ratio 

Static 

Repeatabi 1 ity 

Range 

Limits 

Heading 

7.5 

31 

0.56 

±  0.15  arc  min 

Cont 

Pi  tch 

7.0 

34 

0.43 

±  0.075  arc  min 

+  45°,  -135° 

Roll 

15.1 

17 

0.46 

±  0.075  arc  min 

Cont 

Pre- 
F i Iter 

(3) 

60 

0.74 

(3) 

(3) 

NOTES: 

1.  -3  db  point 

2.  63  percent  of  Command  Amplitude 

3.  Information  not  applicable  to  pre-filter  data 

Step  Responses.  Normalized  step  responses  for  the  probe  servos  are  presented  in 
Figure  11-14.  The  command  pre-filter,  which  is  cascaded  with  each  of  the  probe 
servos,  has  a  significantly  slower  response  time  of  60  msec  and  thus  dominates  the 
response.  Response  time  and  damping  ratios  are  summarized  in  Table  1 1-4. 
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Figure  11-14.  PROBE  Servos  Responses  to  Step  Inputs 
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Static  Repeatability.  Static  repeatability  test  results  for  the  probe  servos  are 
presented  in  Table  1 1 -4. 
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SECTION  Ill 
THE  MOTION  SYSTEM 


MOTION  PLATFORM  DESCRIPTION  AND  OPERATING  LIMITATIONS 

Motion  in  the  VTRS/CTOL  mode  is  provided  by  a  six-degree-of-f reedom 
synergistic  system  utilizing  six  48  inch  stroke  hydraulic  actuators  (legs). 
Motion  provided  by  the  system  simulates  activity  about  all  aircraft  axes. 
Platform  motion  signals  are  generated  by  the  manipulation  of  cockpit  controls 
(Linkage  as  discussed  in  Section  1)  through  computer  functions  to  the  main 
hydraulic  distribution  manifold  (Figure  Ill-l),  then  to  the  appropriate 
actuator  for  system  response.  Platform  motion  responses  are  particularly 
sensitive  to  signal  influences  such  as  would  be  provided  by  catapult  launches, 
arrested  landings,  stall  buffets,  rougn  air  and  other  maneuvers  associated 
with  induced  acceleration  ("G")  forces. 


Figure  III-l.  VTRS  Motion  Platform  Depicting  Hydraulic 
Actuators  and  Fluid  Distribution  System 
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Cockpit  conf iguration  represents  the  T2C  aircraft,  which  has  oeen  in 
fleet  training  service  for  more  than  a  decade  and  has  been  the  intermediate 
jet  training  vehicle  for  the  majority  of  today's  active  duty  Navy  and  Marine 
Corps  pi  lots. 

Platform  operating  limitations  are  depicted  in  Table  III-l.  Acceleration 
measurements  listed  in  Table  III-l  were  taken  utilizing  a  15, QUO  lb.  load 
factor  and  a  displacement  of  each  degree  of  freeoom  operation  from  the  normal 
or  neutral  position. 


TABLE  III-l.  PLATFORM  OPERATING  LIMITATIONS 


SPECIFIED 

MEASURED 

DISPL 

VEL 

ACCEL 

ACCEL 

Pitch 

+26“ 

-24“ 

±15“/sec 

±bU“/sec2 

±145“/sec2 

Roll 

±22“ 

±15“/sec 

±1 70“/sec2 

±233“/sec2 

Yaw 

±29“ 

±15“/sec2 

±b0“/sec2 

±233“/sec2 

Vertical 

+23 

-32 

±24"/sec 

±.8G 

±.86 

Longitude 

±48"/Fwd 

Aft 

±24" /sec 

±.86 

±.86 

Lateral 

±42"  left/ 
right 

±24" /sec 

±.6G 

±.86 

MOTION  SYSTEM  SOFTWARE 

The  motion  platform  software  accepts  inputs  of  aircraft  acceleration, 
velocity  and  position.  It  transforms  and  filters  them  into  six  motion  orive 
commands:  roll,  pitch,  yaw,  longitudinal,  lateral  and  vertical.  The  platform 
position  commands  are  geometrically  transformed  into  leg  position  commands 
required  to  achieve  the  desired  platform  position.  The  platform,  in  the 
process  of  achieving  the  commanded  position,  undergoes  velocity  changes  which 
create  the  desired  onset  and  gravity  align  acceleration  cues. 

SYSTEM  SOFTWARE.  The  platform  system  software  parameter  flow  is  summarized  in 
Figure  1 1 1-2. 
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Figure  1 1 1-2.  Motion  Parameter  Flow 


Aircraft  Drives. 

Pitch.  Pitch  position  is  driven  b>  the  following  aircraft  flight  parameters: 

a.  Aircraft  pitch  acceleration  -  This  parameter  generates  a  positive 
onset  cue  acceleration  and  negative  acceleration  for  velocity  washout.  It  is 
characterized  by  a  high  frequency  response. 

b.  Aircraft  pitch  velocity  -  This  parameter  also  generates  an 
acceleration  cue  and  washout  which  is  added  to  the  term  in  a.  However,  since 
it  is  the  integral  of  acceleration,  the  accelerations  generated  are  slower  and 
longer  in  duration,  creating  an  overall  "slower  and  longer"  cue  and  washout. 
This  drive  has  the  advantage  of  providing  position  washout  as  aircraft 
velocity  goes  to  zero. 

c.  Aircraft  yaw  rate  squared  -  This  is  the  "W^r"  centrifugal 
acceleration  term  that  exists  during  a  yaw  and  is  manifested  in  a  longitudinal 
acceleration.  It  is  simulated  by  a  pitch  position  command  producing  a  gravity 
align. 


d.  Aircraft  angle  of  attack  -  Platform  pitch  attitude  is  commanded  as  a 
function  of  angle  of  attack  to  simulate  the  low  frequency  component  of 
aircraft  pitch  attitude.  Using  angle  of  attack  instead  of  aircraft  pitch 
provides  scaled  limiting  during  conditions  of  excessive  pitch. 

e.  Aircraft  longitudinal  acceleration  -  This  parameter  drives  the 
gravity  align  term  by  generating  a  platform  pitch  position  component  which 
produces  a  gravity  align  term.  The  resultant  platform  steady  state  response 
produces  a  gravity  vector  variation  that  depends  on  the  attitude  of  the 
platform.  The  pitch  software  performs  two  basic  functions:  1)  provides  a 
pitch  acceleration  cue  response  by  developing  a  rate  of  change  of  platform 
position  which  generates  the  onset  component;  and  2)  provides  a  simulation  of 
aircraft  longitudinal  acceleration  by  generating  a  platform  steady  state 
position  which  is  a  scaled  equivalent  of  longitudinal  acceleration. 
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The  onset  cue  filter  passes  the  high  frequencies  and  rejects  the  low, 
while  the  gravity  align  filter  passes  the  low  frequencies  and  rejects  the  high 
frequencies.  This  is  a  reasonable  approach  since  the  gravity  align  is  using 
pitch  position  to  simulate  longitudinal  acceleration.  For  slowly-changing 
longitudinal  accelerations,  this  method  is  deceptive  enough  to  be  acceptable; 
but  for  fast  accelerations,  rapid  pitch  changes  and  oscillations  responding  to 
longitudinal  accelerations  may  become  false  cues.  Therefore,  if  the  high 
frequency  accelerations  are  filtered  by  the  gravity  align,  only  the 
frequencies  low  enough  to  be  acceptable  for  gravity  align  will  be  present, 

f.  AFTHTP  -  The  platform  pitch  position  command,  AFTHTP,  is  a  function 
of  the  variables  presented  below.  The  software  flow  diagram  for  pitch  is 
shown  in  Figure  III-3.  Axial  acceleration  due  to  pitch  velocity  squared  is 
considered  negligible  and  hence  is  not  included.  Computer  generated  step 
responses  of  the  software  are  shown  in  Figures  II1-4,  III-5,  and  III-6. 


AFTHTP  =  f(AFAXA,  AFQA,  AFOQA,  AFALPS,  AFRA) 
where 

AFAXA  =  aircraft  body  axis  longitudinal  acceleration 
AFQA  -  aircraft  body-axis  pitch  rate 
AFOQA  -  aircraft  body  axis  pitch  acceleration 
AFALPS  -  aircraft  angle  of  attack  (modified  to 
incorporate  stall  effects) 

AFRA  -  body  axis  yaw  rate 

AFMAXLG  -  lag  term  to  slow  response  of  gravity  align 
term 

AFMTHLG  -  provides  scaling  and  velocity  washout  for 
pitch  command 
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Roll.  Platform  roll  is  driven  by  aircraft  roll  rate  and  roll  acceleration. 
Roll  gravity  align  is  provided  as  a  function  of  AFSBETA  (sideslip  angle)  and 
aircraft  velocity  (dynamic  pressure).  Sideslip  angle  is  a  measure  of  the 
forces  encountered  in  an  uncoordinated  turn  and  is  simulated  by  a  steady  state 
platform  roll  output.  The  roll  flow  diagram  is  shown  in  Figure  III-7.  A 
typical  software  filter  response  to  aircraft  roll  rate  step  input  is  shown  in 
Figure  III-8.  Note,  that  using  roll  rate  instead  of  roll  acceleration,  as  the 
drive  decreases  lead  and  passes  lower  frequencies,  this  increases  the  duration 
of  the  acceleration  pulse  (cue  time)  with,  however,  some  increase  in  lag 
time.  The  AFAYA  force  due  to  bank  angle  is  not  included  as  a  correction.  The 
platform  roll  command,  AFPHIP,  is  a  function  of  the  following: 

AFPHIP  =  f(AFPA,  AFQ,  AFSBETA,  AFDPA) 
where 

AFPHIP  -  roll  platform  command 

AFPA  -  aircraft  body  axis  roll  rate 

AFQ  -  dynamic  pressure 

AFSBETA  -  sine  of  aircraft  sideslip  angle 

AFDPA  -  aircraft  body  axis  roll  acceleration 


Figure  III-7.  Platform  Roll  Software 


37 


NAVTRAEQUIPCEN  lH-326 


TIME  (SEC) 


Figure  III-8.  Roll  Onset  Due  to  Aircraft  Roll  Rate  Step  Input 


Yaw.  Yaw  platform  command  (AFPSIP)  is  a  scaled  function  of  AFSBETA  and  is 
illustrated  in  the  flow  chart  of  Figure  111-9.  A  typical  software  yaw  filter 
response  is  shown  in  Figure  III-IO. 

AFPSIP  =  f(AFSBETA) 
where 

AFSBETA  -  sine  of  aircraft  sideslip  angle 


1  i  1 

AFPSIP 

AFMTHLaO)^*  AFMTHLaO)^l  * 
(AFFSIFn  -  AFPSIP  n-t)  * 

.  1 4S0 1 1 7  *  <  1  .SSB9SS  He 
(AFPSIP„.t  -AFMTNLO(3)„.,  ) 

i 

lAFMTHLQ  (3) 

1  OeOMETNIC  TRANSFORMATION  | 

'  AMMACT 


Figure  III-9.  Platform  Yaw  Software 
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TIME  (SEC) 

Figure  III-IO.  Yaw  Onset  Due  to  Aircraft  Sideslip  Angle  Step  Input 


Longitudinal  Translation.  The  X  or  longitudinal  platform  position  is  a 
function  of  AFAXA  and  provides  the  longitudinal  onset  cues.  It  does  not, 
however,  include  AFAXA  components  generated  by  pitch.  The  equation  for  AFXP 
is  given  below  with  the  flow  diagram  presented  in  Figure  III-ll. 

AFXP  =  f(AFAXA,  AETNL,  AETNR,  AFHGR,  AMSBRAKE,  AFQ,  AFXMCAT, 
AFFHOOK,  AFMWASH) 
where 

AFMWASH  -  washout  term  for  arrested  landing 

AFXP  -  longitudinal  motion  platform  command 

AFAXA  -  longitudinal  aerodynamic  acceleration 

AETNL  and  AETNR  -  left  and  right  aircraft  engine  rpm 

AFHGR  -  ground  reaction  distance 

AMSBRAK  -  speed  brake  deflection 

AFQ  -  dynamic  pressure 

AFXMCAT  -  cat  launch  force 

AFFHOOK  -  hook  force 
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Lateral  Motion  Drive.  Lateral  motion  drive  is  a  function  of  AFPHIP,  which  is 
a  function  of  roll  rate,  dynamic  pressure,  roll  acceleration,  sideslip,  and 
yaw  rate.  The  lateral  acceleration  is  mainly  a  function  of  sideforce,  which 
is  largely  dependent  on  BETA.  Note  that  AFAYA  is  not  used  directly.  The  roll 
rate  and  yaw  rate  terms  are  corrections  for  displacement  in  the  lateral 
direction  resulting  from  roll  and  yaw.  The  form  of  the  software  is  as  follows 
and  the  flow  chart  is  shown  in  Figure  III-13. 

AFYP  =  f(AFPHIP,  AFRA) 

where 

AFPHIP  =  f(AFPA,  AFQ,  AFSBETA,  AFDPA) 

AFYP  =  lateral  motion  platform  command 

AFPA  -  aircraft  body  axis  roll  rate 
AFDPA  -  aircraft  body  axis  roll  acceleration 
AFRA  -  aircraft  body  axis  yaw  rate 
AFSBETA  -  sine  of  aircraft  sideslip  angle 
AFQ  -  dynamic  pressure 


AFPHV  AFHA 

X  •  .2S(AFPH»-AFIIAI 

- n - 


ArMAYLQ.  X  AFMAVLQ  «  .174S181* 
"  n-l 

(1.a72922  * 

_ -  AFMAYLOB.t) 

AFMAYLOn 
-64.0 
I  AFTF 

^^^oeowerwc^^AAiwFOAWATiM 
AMMACT 


Figure  III-13.  Platform  Lateral  Software 


A  typical  response  for  a  selected  value  of  input  yaw  rate  is  presented  in 
Figure  III-14. 
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TMt  (tCO 

Figure  1 1 1-14.  Lateral  Onset  Due  to  Aircraft  Yaw  Rate 

Vertical  Motion  Drive.  The  Z  or  vertical  platform  command  provides  an  onset 
cue  for  aircraft  vertical  acceleration.  This  drive  has  a  one-G  correction  for 
gravity  but  neglects  the  correction  for  Z  due  to  aircraft  pitch.  This  onset 
cue  for  acceleration  is  a  function  of: 

AFZP  =  f(AFAZA,  AFWRA,  AFVCAL) 

AFAZP  -  vertical  motion  platform  drive 

AFWRA  -  vertical  rough  air 

AFAZA  -  vertical  aircraft  acceleration 

AFVCAL  -  calibrated  airspeed 

AFMBPWO  -  G-break  bump  washout 
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The  software  flow  is  shown  in  Figure  III-16  and  topical  responses  are 
shown  in  Figure  111-16. 
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Figure  1 11-15.  Platform  Vertical  Software 


Figure  1 1 1-16.  Vertical  Onset  Due  to  Aircraft  Z-Axis  Step  Input 
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GENERATION  OF  ACCELERATION  CUES 

Detailed  technical  and  algorithm  information  concerning  the  process  of 
acceleration  cue  generation  is  contained  in  Appendix  A. 

MOTION  PLATFORM  PERFORMANCE 

The  system  performance  was  compared  in  heave  step  response  with  command 
through  the  existing  0.35  Hz  leg  hardware  filters  and  through  the  maintenance 
filters  (1.59  Hz).  Platform  acceleration  magnitudes,  rise  times,  durations, 
and  washout  magnitude  were  recorded  and  compared.  Plots  of  these  parameters 
are  shown  in  Figures  III-17  and  1 11-18. 


Figure  III-17.  Effect  of  Increased  Filter  Bandwidth  of 
Onset  Cuing  Characteristics 
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Figure  1 11-18.  Effect  of  Increased  Filter  Bandwidth  of 
Onset  Cuing  Characteristics 
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The  duration  of  the  accelerat loti  onset  at  an  average  50  percent  magnitude 
point  is  considerably  longer  for  the  0.35  Hz  filter  than  the  1.59  Hz  filter, 
requiring  a  command  of  3.9  inches  for  the  acceleration  cue  duration  threshold 
of  0.2  seconds  to  be  reached.  The  1.59  Hz  filter  achieved  a  pulse  duration  of 
0.06  seconds  at  1/2  inch  of  motion  and  0.2  G's  magnitude.  The  50  percent 
acceleration  duration  for  the  1.59  Hz  filter  per  unit  command  change 
tnroughout  a  0  to  1  inch  command  variation  is  small  and  stays  around  0.05  sec 
whereas  the  0.35  Hz  filter  acceleration  duration  increases  at  0.09  sec/inch  or 
1.8  sec/6. 

The  slope  of  the  1.59  Hz  filter  curve  of  acceleration  peak  magnitude  to 
command  input  is  0.4  6/inch  whereas  the  0.35  Hz  is  0.05  G/inch.  Observe  that 
the  higher  1.59  Hz  pass  filter  results  in  much  larger  peak  acceleration  for 
smaller  conmand  inputs  than  the  0.35  Hz  filter.  The  acceleration  magnitude 
increases  approximately  linearly  with  command  inputs.  The  0.35  Hz  filter 
increases  at  a  considerably  smaller  rate  than  the  1.59  Hz  filter. 

The  rise  time  difference  for  a  command,  in  the  area  of  1/2  inch  is 
approximately  0.005  sec  higher  for  the  0.35  Hz  filter. 

In  general,  it  may  be  statea  that  increasing  the  filter  cutoff  to  1.59  Hz 
decreases  the  rise  time  of  acceleration  cues  at  low  (under  1/2  inch)  position 
input  levels.  The  duration  of  the  acceleration  pulse  decreases  significantly 
and  magnitude  of  the  onset  increases  significantly.  The  washout  magnitude 
increases  significantly  and  duration  of  washout  decreases.  The  pulse  duration 
decreases  to  a  0.05  sec  level  approaching  initiation  of  washout  during  a 
single  iteration  creating  plus  and  minus  pulses.  This  is  well  beyond  the 
typical  aircraft  drive  frequencies.  The  responses  must  be  slower  so  that  the 
lower  (1  Hz)  aircraft  control  input  and  aircraft  response  frequencies  may  be 
tracked  without  initiation  of  washout  until  sufficient  cue  time  is  attained. 
Sufficient  smoothing  of  the  iteration  rate  stepping  must  be  provided  by 
expanding  the  acceleration  pulse  and  delaying  washout  response  or  essentially 
trading  off  acceleration  magnitude  for  pulse  duration.  The  data  shows  that 
even  for  a  1.59  Hz  filter  the  acceleration  cue  and  washout  levels  get  very 
large.  This,  in  itself,  may  not  necessarily  be  undesirable,  since  high  G  cues 
with  little  delay  are  desirable;  however,  when  coupled  with  the  low  pulse 
duration  (cue  time  0.2  sec  required)  and  high  washout  magnitudes  (less  than 
0.08G  required),  the  response  is  unusable  as  a  motion  cuing  system. 

A  filter  in  the  area  of  1.59  Hz  could  be  used  if  coupled  with  the 
appropriate  software  gain  and  delay  shaping  modification,  but  the  required 
effect  would  be  to  counteract  the  increase  in  bandwidth. 

The  software  gain  could  be  increased  for  more  G's  per  unit  command  with 
minimal  increase  in  rise  time. 

The  G-align  response  is  0.6  sec  and  could  be  improved  considerably; 
however,  such  a  requirement  has  not  been  established. 
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Appendix  A  provides  more  detailed  discussion  and  results  of  the  motion 
cue  measurement  conducted  during  these  tests. 
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SECTION  IV 
THE  "G"-SEAT  SYSTEM 


The  G-seat  contains  29  controllable  air  bellows  elements  located  in  the 
seatpan*  back  rest,  and  thigh  area,  plus  a  lap  belt.  The  system  is  open  loop 
controlled  and  is  designed  to  provide  sustained  acceleration  cues  only.  A 
6-seat  test  system  was  constructed  and  utilized  to  evaluate  G-seat  performance 
as  installed  in  the  simulator.  An  18  lb.  load  was  placed  on  the  seatpan  and  a 
linear  potentiometer  was  mounted  and  attached  to  provide  a  reading  of  position 
displacement.  The  input  signal  was  analog  and  applied  at  the  motion  cabinet 
input  to  the  conflow  control  valve. 

A  static  calibration  of  input  pressure  vs.  bellows  excursion  was  run  on 
seatpan  cell  No.  10  with  an  18  lb.  load  and  is  shown  in  Figure  IV-1.  The 
curve  shows  the  response  to  be  linear  in  the  range  of  ±1  inch  from  midpoint 
between  3  and  8  PSI  and  saturating  rapidly  at  points  outside  this  range. 


Figure  IV-1.  Cell  Calibration  Curve 

A  frequency  response  was  run  on  this  same  cell  (No.  10)  with  the  18  lb. 
load.  The  results  are  shown  in  Figure  IV-2.  The  cell  cutoff  frequency  (-3  db 
point)  was  at  approximately  1.9  Hz. 
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Figure  IV-2.  Frequency  Response  of  6-Seat  Cell  With  Load 

All  seat  and  backrest  cells  were  tested  with  step  inputs  to  check  proper 
operation.  The  seat  cells  were  step  tested  with  the  18  lb.  load.  The 
backrest  cells  were  tested  without  a  weight  other  than  a  light  spring  attached 
to  the  tracking  potentiometer.  These  tests  showed  consistent  and  proper 
operation  of  all  cells.  All  responses  were  critically  damped  with  no 
overshoot. 

The  throughput  lag  time  for  both  up  and  down  motion  of  backrest  cell  (No. 
23)  was  70  msec.  The  63  percent  rise  time  for  up  motion  was  85-90  msec  and 
for  down  motion  was  65-70  msec.  An  example  of  a  step  response  for  a  seatpan 
cell  (No.  10)  is  shown  in  Figure  IV-3. 
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Figure  IV-3.  Cell  Position  Response  to  Step  Command 
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The  throughput  lag  time  for  the  seatpan  cell  (No.  10)  was  85  msec  for 
both  up  and  down  motion.  Rise  time  for  both  up  and  down  motion  was  90-100 
msec. 
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SECTION  V 

SYSTEM  RESPONSE  SUMMARY 


A  graphic  summary  of  the  dynamic  response  of  the  VTRS/CTOL  computer  and 
hardware  systems  is  presented  in  Figures  V-1  and  V-2.  Figure  V-1  shows 
performance  when  operated  in  a  dual  mode  permitting  si  lultaneous  use  of  the  TV 
model  board  system  and  computer  image  generation  (CIG)  system.  Figure  V-2 
shows  projected  performance  for  a  CIG  only  mode.  The  system  dynamic  response 
is  a  sum  of  linkage  and  computer  transport  delays  and  output  hardware  response 
time.  The  output  hardware  response  may  contain  transport  delays  and/or  signal 
rise  times.  Throughput  delays  are  measured  from  control  stick  input  to  output 
hardware  input  commands.  Aerodynamic  and  kinematic  delays  are  not  included  in 
any  of  the  data  presented.  Output  hardware  systems  shown  in  Figure  V-1  are 
all  servo  controlled  devices  with  the  exception  of  video  generation  of  the  CIG 
picture.  Servo  response  times  are  defined  as  the  time  required  for  the  output 
to  reach  63  percent  of  the  step  command.  Video  generation  of  the  CIG  picture 
includes  transport  delay  within  the  CIG  and  a  response  time  defined  as  the 
time  to  complete  one  TV  field. 


>0  40  00  oo  loo  «io  t«e  <oo  ite  too  no 

MCLMCOMOt 


Figure  V-1.  VTRS  Dynamic  Response  (Model  Board  TV/CIG) 
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Figure  V-2.  VTRS  Dynamic  Response  for  CIG  Systems 


Since  the  control  stick  input  can  occur  anywhere  within  a  basic 
computational  frame  of  33.3  milliseconds  duration,  timing  is  referencea  to  an 
average  between  worst  case  (33.3  milliseconds  additional  time)  and  best  case 
(0  milliseconds).  Thus,  17  msec  is  added  to  the  best  case  and  a  tolerance  of 
±  17  msec  is  placed  on  system  response. 

With  the  exception  of  the  G-seat  and  G-align  systems,  the  average  times 
for  computer  throughput  plus  hardware  response  for  the  dual  simulation  mode  <• 
TV  model  board  and  CIG  is  less  than  16b  milliseconds.  However,  the  G-seat  am. 
6-align  designs  are  used  for  sustained  or  very  low  frequency  acceleration,  and 
thus  do  not  demand  the  fast  onset  cuing.  Other  G-seat  designs  which  attempt 
to  provide  onset  cuing  would  require  improved  response. 

Early  tests  showed  a  dynamic  mismatch  in  visual  system  performance  due  to 
poor  servo  response  in  the  elevation  and  azimuth  target  image  projector 
servos.  This  poor  response  is  shown  by  dashed  lines  in  Figure  V-1.  System 
dynamic  mismatch  was  significantly  reduced  by  design  improvements  in  the 
elevation  and  azimuth  target  projector  servos. 
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From  Figure  V-1,  the  system  lag  (computer  transport  delay  plus  hardware 
rise  time)  was  found  to  be  approximately  120  milliseconds  with  a  tolerance  of 
about  ±  20  milliseconds.  The  probe  attitude  servos,  which  are  an  exception  to 
this,  could  be  readily  brought  within  this  tolerance  by  changing  the  probe 
filters.  These  filters  smooth  the  computer  update  coirmands,  and  are 
apparently  designed  for  a  slower  update  rate  than  the  30  Hz  used  in  VTRS. 

Figure  V-2  summarizes  the  dynamic  response  of  the  VTRS  computers,  the 
target  image  projection  system,  and  motion  systems,  operating  in  a  CIG  only 
mode.  There  are  four  basic  simulation  configurations  while  operating  in  the 
CIG  only  mode.  These  configurations  are  (1)  CIG  operating  with  no 
comprehensive  distortion  correction  at  60  Hz,  (2)  background  only  with 
comprehensive  distortion  correction  (COC)  updated  at  a  rate  of  60  Hz,  (3) 
target  with  keystone  distortion  correction  (KDC)  projected  onto  a  background 
with  CDC,  both  updated  at  60  Hz,  and  (4)  target  and  background,  both  with  CDC, 
and  both  updated  at  30  Hz.  From  Figure  V-2  we  conclude  that  the  maximum 
system  dynamic  response  time,  including  one  field  of  video,  is  less  than  150 
milliseconds. 

Thus  system  response  times  for  the  dual  simulation  mode  (model  board  or 
CIG)  or  CIG  only  mode  are  within  guidelines  for  acceptable  simulator 
performance  according  to  Ricard  and  Puig  (1977). 
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SECTION  VI 

DESIGN  FEATURES  SUMMARY 


The  following  design  features,  incorporated  into  the  VTRS/CTOL  simulator, 
minimized  system  delays/lags  and  provided  dynamic  matching  of  visual  and 
motion  systems: 

a.  The  linkage,  which  distributes  all  signals  between  the  computer  and 
simulator  systems,  has  an  optimum  sequence  with  respect  to  its  DMA  transfer  of 
data  between  the  linkage  memory  and  the  computer's  memory  which  occurs  near 
the  end  of  each  computation  frame.  Immediately  after  this  DMA  data  transfer, 
all  linkage  output  cards  are  serviced  to  minimize  output  time  lag.  Then, 
input  cards  are  serviced  and  inputs  lield  until  the  next  DMA  data  transfer  to 
the  computer  which  would  be  somewhat  less  than  a  computation  frame  time  of  33 
msec.  This  type  of  linkage  creates  a  choice  of  holding  either  input  data  for 
a  frame  time  as  done  here  or  holding  output  data.  In  this  simulator  there  are 
many  more  time  critical  outputs  than  inputs.  The  delay  of  critical  inputs  was 
overcome  by  a  special  servicing  of  the  stick  and  throttle  linkage  system  card 
which  converts  their  voltage  to  a  digital  word  just  prior  to  the  DMA  transfer 
of  data  into  the  computer.  All  other  inputs  have  the  added  frame  lag. 

b.  Since  certain  flight  dynamic  outputs  such  as  aircraft  position  and 
attitude  are  required  as  inputs  for  visual  computations,  the  visual 
computational  frame  (33  msec)  must  follow  the  flight  computational  frame.  To 
minimize  any  time  delays  from  this,  all  critical  flight  subroutines  are  placed 
in  an  optimum  calling  order  and  are  placed  "up  front"  in  the  flight 
computation  frame.  As  a  result,  the  visual  computer  is  phased  behind  the 
flight  computer  by  only  16.7  msec,  or  1/2  frame  rather  than  waiting  33.3  msec 
until  the  next  frame. 

c.  In  the  "CIG  only"  mode  of  operation,  subroutines  in  the  visual 
computer  are  optimized  in  calling  order  for  minimization  of  transport  delay 
As  a  result,  critical  visual  subroutines  are  computed  at  the  beginning  of  the 
visual  computation  frame  and  are  bussed  to  the  CIG  computers  at  the  end  of 
only  one  subframe  of  8.33  msec. 

d.  Subroutines  computed  at  rates  below  the  basic  30  Hz  of  flight  and 
visual,  and  subroutines  that  are  not  a  1  ink  in  the  dynamic  response  chain,  are 
placed  towards  the  end  of  the  computational  cycle. 

e.  The  Experimenter  Station  subroutines  are  placed  in  the  executive 
computer  and  computed  in  parallel  with  flight  and  visual.  Thus,  they  do  not 
add  to  response  time. 

f.  F^'r  smoother  visual  presentation,  the  CIG  computer  is  provided  with 
predicted  v^.lues  of  eyepoint  position/attitude  and  point-of-interest  direction 
cosines  in  between  actual  computed  values  of  these  parameters.  The  net  result 
is  a  60  Hz  image  presentation,  with  field  one  generated  from  computed 
parameters  and  field  two  generated  from  the  predicted  parameters. 
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g.  Hardware  response  of  systems  such  as  the  target  projection  servos 
was  increased  and  then  "tuned"  such  that  the  times  from  control  stick  input  to 
hardware  response  closely  matched  the  time  from  stick  input  to  CIG  video 
output. 

h.  The  motion  platform  acceleration  cues  lead  visual  position  as  in  the 
real  world.  This  desired  feature  is  a  result  of  driving  platform  position 
with  aircraft  aci-e leration  and  servicing  it  with  the  flight  linkage  transfer 
which  leads  the  visual  linkage  transfer  by  16.7  msec. 
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APPENDIX  A 


TECHNICAL  DATA  AND  ALGORITHMS  FOR  ACCELERATION 
CUE  GENERATION  OF  THE  MOTION  SYSTEM 


Acceleration  cues  are  generated  b>  shaping  the  position  response  so  as  to 
produce  the  desired  acceleration  shape,  magnitude,  duration,  etc.,  as  based  on 
the  motion  platform  capabilities. 

The  scheme  does  not  use  position  washout  and  relies  on  the  pilot's  desire 
to  return  to  stable  flight.  Position  washout  would  require  an  additional  time 
cycle  with  an  acceleration  toward  neutral  for  a  time  and  then  a  deceleration. 

The  desired  curve  of  the  motion  position  response  is  shaped  like  a  second 
order  function  with  an  inflection  point  occurring  at  t(cue).  Thus,  an  input 
step  function  should  be  shaped  as  needed  (considering  the  platform's  hardware 
response)  to  produce  an  output  position  response  curve  approximating  that 
shown  in  Figure  A-1. 
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Figure  A-1.  Effect  of  Increasing  Motion  Leg  Filter  Bandwidth 
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Command  shaping  is  preferably  done  in  the  software  prior  to  the  platform 
leg  geometry  equations  as  opposed  to  shaping  the  command  to  each  leg. 

Response  consistency  is  consequenty  maintained  in  each  degree  of  freedom. 

This  minimizes  degree  of  freedom  acceleration  variations  (which  are  functions 
of  the  specific  magnitudes  of  the  individual  leg  commands)  even  if  the  range 
of  the  commands  is  within  the  linear  response  region.  Filtering  the  motion 
command  inputs  in  each  degree  of  freedom  eliminates  the  above  variations. 
However,  variations  resulting  from  motions  exceeding  the  platform's  linear 
region  are  not  eliminated.  Note  that  if  a  pitch  is  commanded  within  the 
motion  excursion  limits,  full  motion  pitch  will  be  obtained.  However,  if  a 
roll  is  superimposed,  resulting  in  a  total  command  that  exceeds  the  limits, 
not  only  will  the  roll  response  be  lower  than  expected,  but  the  pitch  will  be 
lower  also.  Therefore,  whenever  the  motion  limits  are  exceeded,  the  final 
response  will  be  a  function  of  the  magnitude  of  all  the  inputs  in  all  degrees 
of  freedom.  The  interrelationships  and  variations  can  be  plotted  in  families 
of  curves,  but  cannot  be  readily  summarized.  The  point  of  importance  is  that 
whenever  limits  are  exceeded,  the  motion  response  to  an  aircraft  acceleration 
is  not  only  a  function  of  the  aircraft  acceleration  inputs  and  platform  gain 
in  a  particular  degree  of  freedom,  but  also  acceleration  inputs  in  other 
degrees  of  freedom,  even  those  not  included  as  drives. 

The  shaping  of  the  position  drive  curve  must  be  tailored  as  ideally  shown 
in  Figure  A-1.  The  VTRS  system  has  characteristics  of  this  form,  created  by  a 
series  of  software  and  hardware  filters.  Each  leg  has  a  second  order  hardware 
filter  and  each  rotational  degree  has  a  first  order  software  filter.  In 
addition,  other  special  purpose  filters  such  as  gravity  alignment  control  are 
distributed  throughout  the  software.  Motion  platform  block  diagrams 
illustrating  this  shaping  are  presented  in  Figures  A-2  through  A-7.  Software 
filters  are  shown  in  the  S,  rather  than  Z  domain,  for  hardware  comparison. 
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3.  Platform  Lateral  Block  Diagram 
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.  Platform  Vertical  Block  Diagram 
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Figure  A-5.  Platform  Roll  Block  Diagram 


Figure  A-6.  Platform  Pitch  Block  Diagram 
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Figure  A-7.  Platform  Yaw  Block  Diagram 

Each  of  the  (_i_)  terms  shown  in  the  diagrams  is  either  a  first  order 
s+a 

lag  generated  by  the  hardware  or  a  first  order  lag  generated  by  the  software 
with  an  initial  "jump"  at  n  =  1  (first  compute  cycle). 

The  first  order  software  lag  constant  can  be  compared  to  a  continuous 
case  time  constant  in  the  following  manner: 

If  y  =  X  [  +  K] 

(s+a) 

For  a  step  input  x  =  1,  x(s)  =  1/s 

Y(s)  ^  a  +  K 
s(s+a)  s 

The  solution  of  which  is 
y  =  (1  -  e~®^)  +  K 
or  after  the  initial  jump, 
y  =  (1  -  e-at) 
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In  differential  equation  form,  this  solution  becomes 
y  +  ay  =  ax,  where  a  first  order  backward  difference 
is  used  to  approximate  y: 

y  _  yn-yn-1 

At 

yn-yn-l’^a^tyf,  =  aatx^ 

yf,(l+aAt)  =  yf,-l+aAtXf,  At  =  sample  period 
Comparing  this  to  the  form  of 
of  the  software  first  order  filters  where 
again,  after  the  initial  jump: 

yn  =  yn-l+a‘(xn-yn_l) 
or 

yn  =  yn-l(l-a' 

equating  yn_i  and  Xn 

1-a'  =  1 

l+'aAt 

a'  s  aAt 
1+aAt 

or 

a'  =  1-  1  =  l+aAt-l  =  aAt 

1+aAt  1+aAt  1+aAt 

Thus 

a'  =  aAt/ 1+aAt 

e.g.  for  At  =  1/30  and  a  =  1  (1/time  constant) 
a*  *  .03225 

Thus  the  required  a'  can  be  calculated  knowing  At 
and  the  desired  time  constant  (T)from 

a'  =  At/y  =  At  Y  =  1 

At+Y  a 
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With  a  simple  first  order  filter,  the  shaping  flexibility  is  limited.  It 
may  be  impossible  to  design  a  first  order  filter  with  a  specific  63  percent 
point  and  some  other  desired  point  such  as  a  90  percent  value.  If  more 
flexible  shaping  is  desired,  a  modified  or  higher  order  filter  is  required. 

For  example,  using  the  vertical  drive  equations,  a  typical  lag  filter 
algorithm  is  as  follows: 

AFZPn=AFZPn_l+.0322808[1.978K(AFAZAn-AFAZAn_i)+AFAZAn_i-AFZPn_i] 

If  AFAZA  is  a  constant,  then  AFAZAp  =  AFAZA^.i  for  n^l  and 

AFZPn  =  AFZPn_l  -0322808  [AFAZA-AFZPn_i]. 

Observe  that  the  typical  lag  filter  with  an  input  that  is  constant 
displays  an  output  with  an  initial  jump  followed  by  an  exponential  decay  or 
rise.  To  create  a  second  order  inflection  point,  two  of  these  first  order 
filters  must  be  cascaded  or  a  generalized  second  order  must  be  mechanized. 

Observe  that  in  this  case,  the  1.978  constant  determines  the  initial  jump 
(.063856K  (AFAZA))  during  the  first  iteration  and  thereafter  increases  to 
(AFAZA)  at  a  rate  determined  by  the  .0322808  constant. 

The  initial  jump  via  the  1.978K  constant  determines  the  initial  velocity 
jump  and  the  .0322808  determines  how  long  it  takes  to  wash  the  velocity  down  to 
zero.  This,  in  turn,  determines  the  velocity  washout  acceleration  as  well  as 
the  onset  acceleration.  Note  that  the  onset  acceleration  occurs  during  the 
first  iteration  and  is  therefore  of  too  short  a  duration  to  be  sensed 
effectively  or  be  of  use  as  an  onset,  but  the  washout  acceleration  can  be 
effectively  controlled.  Therefore,  even  with  a  controllable  first  order  filter 
such  as  this,  it  cannot  be  used  as  the  acceleration  cue  shaper.  The  form  or 
the  1st  order  motion  filters  is: 

^n  =  Yn-l  +  a  (Xn-Yn_i)  for  n>0 

The  response  shape  to  a  step  input  is  illustrated  in  Figure  A-8. 


Figure  A-8.  First  Order  Filter  Response 
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The  general  form  of  the  software  filters  used  herein  to  provide  for  the 
controllability  of  the  jump  magnitudes  and  delay  rates. 

^n  =  >n-l  b[a(xn-xn_i)  +  x^.j  -  y^.i] 

The  position  response  for  a  step  input  for  (a)  <  1,  (ab)  >  1  and  (ab)  <  1  is 
illustrated  in  Figure  A-9. 


Figure  A-9.  Position  Response  for  Step  Input 


The  velocity  and  acceleration  outputs  for  a  typical  filter  used  in  this 
system  are  presented  in  Figure  A-10.  The  duration  of  velocity  and  acceleration 
can  be  expanded  by  the  properties  of  the  filter. 


Figure  A-10.  Typical  Filter  Velocity  and  Acceleration  Outputs 


When  the  above  digital  filter  output  is  used  to  command  a  platform  with  a 
typical  frequency  response  and  no  hardware  filter,  it  will  result  in  a  platform 
response  as  illustrated  in  Figure  A-11. 
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Figure  A-11.  Onset  Cue  Velocity  and  Acceleration  Response 

Observe  from  Figure  A-11  that  the  onset  acceleration  response  to  a  step 
input  is  too  rapid  to  be  usefully  felt. 

Excessively  high  frequencies  are  passed,  causing  acceleration  spikes  at 
the  iteration  rate  frequencies  (30  Hz). 

To  ensure  the  required  minimum  acceleration  cue  time  and  provide  for 
filtering  of  the  30  Hz  sample  noise,  hardware  filters  are  provided  in  the  input 
to  the  platform  leg  servos. 

To  determine  the  motion  platform  hardware  response  characteristics,  the 
platform  was  driven  in  heave  with  an  analog  step  command  to  the  leg  filters. 
Heave  was  selected  because  a  maximum  platform  load  is  driven  in  that  axis  and  a 
single  axis  motion  can  be  achieved  without  driving  through  software. 

A  block  diagram  of  this  test  set-up  is  shown  in  Figure  A-12.  Each  leg 
servo  is  essentially  identical  and  each  leg  command  is  driven  through  a  second 
order  passive  linear  filter.  The  form  of  this  filter  and  its  transfer  function 
are  shown  in  Figure  A-12.  This  command  filter  is  overdamped,  has  a  rise  time 
of  0.5  seconds  and  a  bandwidth  (-3  db)  of  0.35  Hz. 
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Figure  A-12.  Motion  System  Test  Diagram 
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Closed  loop  frequency  response  plots  of  the  motion  system  with  and  without 
the  influence  of  the  command  filter  are  presented  in  Figure  A-13.  Note  that 
the  command  filter  response  and  the  motion  system  response  (including  filter) 
are  approximately  the  same.  The  command  filter  clearly  dominates  the  dynamic 
character  of  the  motion  system. 


Xj.  =  +  f  (other  terms) 

where 

K  =  constant  (displacement/accel) 

Xj.  =  displacement  command  to  motion  system 

X.,.  =  aircraft  acceleration 
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If  the  motion  system  is  assumed  to  have  a  second  order  transfer 
characteristic. 


Xj,  l+2r7u)^S  +  ^  at 

r,  =  damping  ratio 

u)  =  natural  frequency 

Xjj  =  motion  base  displacement 

X  =  displacement  command  to  motion  base 
c 

Then,  using  the  motion  algorithm,  we  get 


KS^ 

This  is  the  transfer  function  between  motion  base  acceleration  and 
aircraft  acceleration.  Figure  A-14,  a  simplified  frequency  plot  of  this  TF, 
illustrates  that  it  will  pass  the  onset  acceleration  ((d>u)o)  and  will  reject 
the  sustained  acceleration  ((iXuiq).  It  is,  in  effect,  the  acceleration 
washout  filter. 


Figure  A-14.  Frequency  Response  of  Motion  Base  Acceleration  Onset  Cue 

Note  that  the  break  frequency  defining  washout  depends  on  the  bandwidth 
(wo)  • 

Tests  to  determine  the  character  of  the  onset  and  subsequent  washout  of 
acceleration  were  performed  by  issuing  step  commands  in  position  (heave,  in 
this  case).  Typical  responses  to  these  step  commands  are  shown  in  Figure 
A-15.  The  command,  position  follow  pot,  command  filter  output,  and 
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acceleration  histories  are  also  shown  in  the  figure.  The  peak  heave  command 
of  3.2  inches  resulted  in  a  peak  acceleration  of  0.2G's.  The  reversing 
acceleration,  an  undesirable  cue,  is  about  20  percent  of  the  desired 
acceleration.  Washout  of  the  sustained  acceleration  is  observed  to  take 
approximately  1  second. 


Ill 


3.2  INCHES 


3.2  INCHES 


3.2  INCHES 


a 


Figure  A-15.  Motion  System  Heave  Step  Response 
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The  platform  bandwidth  without  filtering  is  approximately  2.5  Hz.  With 
.35  Hz  filtering,  the  magnitude  response  as  a  function  of  frequency  can  be 
generalized  into  a  gravity  align  and  acceleration  cue  response  that  functions 
approximately  as  follows. 

For  gravity  align,  an  aircraft  acceleration  generates  a  proportional 
command  of  platform  position  as  shown  in  Figure  A-16. 


•  FOR  GRAVITY  ALIGN  ANGULAR  POSITION  COMMAND  DRIVES 
PLATFORM  TO  AN  ANGULAR  POSITION 


POSITION  IN 

LEG 

COMMAND 

FILTER 

ANGULAR 
POSITION  OUT 


•  GRAVITY  ALIGN  IS  USED  TO  SIMULATE  SUSTAINED  LONGTITUDINAL 
ACCELERATIONS  WITH  PITCH  ATTITUDE,  THUS  FAST  LEO  FILTER 
RESPOHSE  IS  NOT  REOUIRED. 


Figure  A-16.  Gravity  Align 


The  generalized  slope  of  the  frequency  response  function  is  shown  in 
Figure  A-17. 


Figure  A-17.  Generalized  Gravity  Align  Frequency  Response 
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For  acceleration  cuing,  aircraft  acceleration  generates  a  proportional 
command  of  platform  position  to  achieve  platform  acceleration  as  shown  in 
Figure  A-18. 


Figure  A-18.  Generalized  Frequency  Response  for  Acceleration  Onset 


Observe  that  for  acceleration  onset,  low  frequencies  are  filtered  to 
provide  rapid  onset  and  washout.  High  frequencies  are  filtered  to  prevent 
stepping  and  spurious  influences,  thereby  providing  a  smooth,  controlled 
magnitude  and  duration  of  onset  and  washout. 

For  gravity  align,  low  frequencies  are  passed  and  high  frequencies  are 
filtered.  The  high  frequency  longitudinal  accelerations  which  are  simulated 
by  pitch  are  not  passed.  Since  those  high  frequencies  are  passed  in  the 
longitudinal  acceleration  cue  simulation,  they  are  not  required  to  be 
duplicated  in  the  gravity  align  portion. 

The  software  and  hardware  filters  are  designed  to  operate  together,  each 
performing  their  specified  functions.  The  software  filters  provide  for 
flexible  setting  of  gains  and  washout  rates  while  the  hardware  filters  provide 
cue  shaping  and  smoothing.  The  platform,  with  a  bandpass  of  approximately  2.5 
Hz,  is  fast  enough  to  respond  to  a  30  Hz  iteration  rate.  Adding  the  hardware 
filter  attenuates  the  high  frequency  range  to  create  a  selective  broadening  of 
the  acceleration  pulse  to  provide  a  minimum  cue  duration  for  steady  state 
inputs.  In  addition,  this  same  filter  passes  the  low  frequencies  for 
position,  allowing  the  proper  simulation  of  gravity  align. 

The  transport  delay  and  filter  effects  of  the  motion  system  are 
summarized  in  Figure  A-19.  The  overall  system  was  tested  for  throughput  lag 
which  includes  transport  lag  (dead  time  to  response)  and  63  percent  system 
response  time.  The  motion  system  data  is  presented  in  Section  III.  It  should 
be  noted  that  the  motion  overall  lag  will  vary  depending  on  the  drive 
philosophy.  For  example,  the  system  lag  for  gravity  align  is  much  greater 
than  for  acceleration  cuing  since  it  does  not  include  the  lead  acquired  by  the 
acceleration  cue  method  of  reading  actual  platform  acceleration.  This  lag  is 
deliberate  and  must  be  optimized  to  be  neither  too  fast  nor  too  slow. 

■>  I 
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LEO 

CONTROL  FLIOMT  COMMAND  RLATFORM 

STICK  INPUT  LMKAOE  COMPUTER  LMKAOE  FH.TER  LEO  SERVO’S  ACCELERATION 


MAGNITUDE  OF  ACCELERATION  OUTPUT  CAN  SE  NICREASED  ST; 
a)  mCREASSM  SOFTWARE  OASi 

A)  mcKtAtma  leo  fs-ter  cutoff  freouenct,-  nowever, 
TINS  option  will  DECREASE  ACCELERATION  PULSE 
DURATION.  PRESENT  PULSE  WBTH  IS  APPROXMATELV  ■ 
200  MSEC  (CUE  SENSSIO  THRESNOLOI. 


■  •'1 


Figure  A-19. 


Onset  Acceleration  Performance 
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